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APPARATUS TORMOVING PARTICLES 



1 latrfMlitcfuin 



Ulti^imd standing wave radiation acts on suspensions and colloids to drive the 
phases (particles, bubblos, oE droplets and fiieir siispending phase) towards eithet tiodal 
or anti-nodal positions* Laminar flow provides a stable environiniCTt fr©6 from tofbvQetice 
•this cradttiw allows tfie ladiatinn positioned phases to be freely manipulated 
downstream ftona the forte fidd. Standiag wave radiation and laminar flow have been 
used separately and together to form syste ms with a nnmber o^J^ovel properties* 

These.are active systsms with no moving mecfaanicai parts or consiunable 
components. Hiey are appropriate for complex automation tasks, mioro-fhiidic systems 
and use ui inaccessible locations. 

When wmpared to a standard membrane type filter^ standing wave jBlters have 
Ihe following advantages* The charaxel has negli^ble backpressures due to its large cross- 
section, 0.25 X 10 mm. The design is a simple dividing channel not easily blocked. The 
force acting on Uie particles is gentle < a centdflige running at 100 g. An exposure time 
of < 1 $ is t^quired to reduce the concentration of 5 diameter latex particles in water 
by 1000 fold. 

The non-turbulent properties of laminar flow have been used to directly transfer 
partioles from one medium to another (an FFF type approach). This form of particle 
washing takes < 1 s ami removes the need for the usual concentratioxi step « 

Particle .manipulation by standing wave radiation can be used to reduce diffusion 
barriers in immuno-tests and other particle conl^ reactions syst^s« Particles can be 
concentrated at chosen positions within the chamber or at the chamber wall 

A hi^ efElciracy andyticd scde fills based on the combination of jaltcasqnnd 
standing waves and laroinar flow has previously been described [1] and good agceomeDt has 
been found between detailed modellmg of sound energy transfer to the liquid layer and the 
filters measured efficiency [2, 3], The three critical features of this filter are 

1) Production of an ultrasonic standing wave radiation force which separates dissimilar 
phases to the nodal and antt-^odal positions. Par example, bacteria in an aqueous medium 
are driven towards Hie pressure node wtdle air bubbles in an aqueous medium are drivm 
towards the pressure anti-node* 

2) Sub-wjvdength thickness of the liquid layer. Unlike multi-wavelength jSlters [4» 5]> this 
produces a controlled sin^ band of particles,, often a core.featurg Jg^pr particle., 
manipulatian [6^ 7]. 
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3) Laminar flow conditions throughout the system provi<Je aa additiona] raecihamsin of fluid 
luanipulatioii, and fewer variables fiian turbuleit systems. 

Weliave previoufily described the use of similar features in a commsroially available 
immuno ag^utinaticm device [8] (Immimosomc, Electro MedicaJ Supplies, Wantage, UK). 
One early dvolution of the filter incoiporating all its critical features is a device to position 
p&ttieles within a gel [9]- These same feabires are used in a continuoujs flow medium 
exchange system described here, in which particles are transferred ftom one medium to 
another wiihout the need for a concentration (jpellet fiitmstion) step, as required during 
ceatiifiigal washing pzocednres. 

1,1 Particle washing; principle of operation 

The system can be described as a field-flow firactioiiatfon (FFF) type system [10. 1 1], the 
field used is an ultrasound standing wave. Two fluids (the first a suspension of particles < 50 
% of ihe jSofw volume, the second apartiel^jBcee recavhug fluid :> 50 % of the flow volume) 
run hi contact with each oth^ without mixing through a 0*25 mm x 1 0 mm cross section duct 
(shown schematically in Figure 1). The two fluids pass through a standing wave field ftist 
ttioves the particles to the centre of the duct trmsferring them from fluids 1 to 2. After 
trdmfer the particles and their irutial host fluid are removed through s^arate outlets, 

2 Mediods 

2.1 Sample preparations 

Degassed water was poroduoed by boiling water for 2 min, sealing the wal^ in a screw osp 
bottle with no air gap and leaving it to cool to room temperature before use. Dried yeast 
(BootS;, Nottingham, UK) was xeoonstituled and the cells suspended at a concentration of 
1x10^ ml*^in degassed water containing 1 % (v/v) red food colousdng (Camioisine, Suflset 
Ydlow> citric acid, presCTvative) (SupOTcook, Sfa^tmi-in-Ehnet; Leeds, UK). 

2^ How system 

Figure 2 shows the internal ducts of the particle washing system. (0^5 x 10 tnm cross 
section of all ducts). This has two inlets (A and B), which meet at right angles, fheir fluids 
converge and pass along a single duct (60 mm long) where they are exposed to the Soimd 
.field (20 mm long). The fluid is then divided and leaves through two outlet ducts (C and D), 

Fluid was pumped using three pumps (Gilson Mmi-puls 3) fitted with air damped puis© 
smoothing consisting of pipettes and narrow tubing described previously [1], The pumps 
were placed on ouflct C (3,66 mLmin"^) outlet D (0.99 mLmin"*) and mlet B (0,56 mlmin^^). 
Inlet A was left open (in flow 4.09 mlmin ^). The tot^ vohune flow rate in Ihe system was 
4.65 mljomf ' (through the sound field). The Reynolds numher fi)r this region is 8.6, therefore 
flow is entirely laminar ffaroughout the system. Hie interface between the 12 % of the total 
flow volume entering inletB and the 88 % Entering inlet A is found (whenfliB parabolic flow 
profile is taken into account) to be approximately 53 |mi from, the wall- 
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23 duunbar coiistmction detaEs 

The cbainber is a modificatiGn of a previous canstruction [1], The 10 mm wide uralls of 
the channel ate formed ftom a stainless steel (Stavax) nlltasomid refleotor 1.5 nnn Ihick (3/4 
vviavelengths at 3 MHz) and a stainless steel sound ttanatmssicm layer 2^ mm iludc (5/4 
wavelengths at 3 MHz). The 0.25 mm walls am fonaed ftom a aUi^e tubbear gasket aiound 
the 10 mm wide channel. This narrow dimension is defined, whto Hie parts are clamped 
together, by a 0.25 mm iiiidki brass shim atound fh& gas lcft, 

Thcsiamless steel transmission layer oontains two 0.25 x 10 mm slots, 60 xom ^art each 
cat at rii^it an£^ to the inner fkce of the ehamiel. The lower slot fonned a fiuidi convergins 
inlet, the upper slot a fluid divierging owttet (B andD in Figure 1). The ailv» electrodes on 
PZ26 piezo-ceramic plate (Ferropenn, Krisgard, Denmaifc) 30 x 30 x 0.67 mm (Le. 3 MHz 
fimdameatal thickness resonance) were etched to reduce the active area to 1 0 x 20 mm and 
attadied fay qjoxy resm to the air face of the transmission layer halfway between slots B and 
D. 

2A Electrical drive 

A voltage of 2.5 V was applied to Uae piezo-ceiamio at a fteqiMmcy in the regiott of 2.91 
MHz, this fiequency was a cunent / voltage phase minimum. Phase measujremeiits were 
made witii the phase comparator block of a Phase-locked loop IC (PhiUps PC74HC4046AP). 
During opcrati<wx this phase minimum was tracked as previously des«ibed for voltage 
minimuni tracking systems [5]. Thwe is a timall ftequency difffeteace between the voltage and 
phase mimma and the system is near resonance at both fiequeodes. However the electrical 
phase minimmn fiequency represents tlje aoowstio resonance more accurately tham fli© voltage 



3 Rasntts and Discusaidn 

3;i Elow sepnraiion 

Afier flnids entering inlets A andB converge they flow along Ihe same channel* before 

being separately drawn from outlets C and D, see Figure 3a. In order to obtadn this visnally 
dear output from outlet C its otttflow was reduced to lO.S % below the inflow to inlet A. 

Ja this system some of its properties which cannot easily be measured have been 
calculated. Tuxbuleot mixing need not be considerai for this low Reynolds mmifaer systan. 
Thcrcfinxv aswi m i ng a parabolic flow profile, flie intec&ce between the liquids fanas at 53 
pm fiom the channel wall, at which distance flow velocity is 31 rran s"*. Thus contact lasts 
1.9 s as tt» fluids flow 60 mm along the channel (shown in Figure 1). A remaining mixing 
force in non-turbulent systems is difSision i.e. dialysis can occur across the interfece. The 
average distance (1) that a particle will diffuse in time t is obtained from Einstan's relation 
for diffusion of small spheres in a viscotjs fluid I = VtD [12], where D (diffijsion coefficient) 
=kT/ 67ini Oc is Boltzmann's constant^ T l^nperature and rj the medium viscosity). From this 
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VfC find fbsA dining the 1.9 s contact between the aqueous fluids yeast cells of 2-5 pm radius 
(r) [5] will diffuse on average 0*4 jan, and 0.5 mn radius particles (estimated size of dye 
molecule) will difiRifie 30 fim. Therefore difiusion would ncrt be a significant cause of mixing 
far the 2.5 radius particles and wiD produce only a low percentage of ttuxrng of 03 ran 
radius molecules. This rniTting level may partiaUy account fiwr flie need to reduce flow-rate 
fiom otitl&t C to alevel 10 % below the flow-rate into inlet Ain order to maintain a visually 
clear ouiput. altbongh engineenng precision and reddual purnp pulses are probably of greater 
s^^uficance. 




3.2 The efifect of ultrasound 

When the ultrasound was turfied on die particles emerged from outlet C without visible 
carry over of red dye. The red dye leaving outtet t> became depleted of particles. 

The ultrawundradiaticm force sdectiyely moves yeast cells ratiisr dian dye towatda ttie 
central node position in the chamber, since the velocity component towards the node, 
increases with the square of the particle radius [5] (Le. the yeast cell moves 2.5 x 10^ times 
£sister than the dye molecule). 

This continuous washing process could be mamtained indefLnitely provided the ultrasound 
power was kept Low. The standing wave radiation force acting to move the particles to the 
node is dominant in this system, boweverultrasound puts many other streaming forces on 
particle. In a lialf wavelength chamber RayleigiL streaming is the most important of these 
forces [13]. Thense of higher ultrasound voltage (power) levels did produce some carry over 
of dye (data not shown). It ha^ not been deteEmined whether this is due to streaming or small 
amounts of dye moving with the payfc away in?ni..sta>?Kerjaoving 

particles. 
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CLAIMS 

1. Apparatus for moving particles entrained in a first fluid to a second fluid, 
comprising a condDit^ means providing for contacting laminar flow of each fluid 
within the conduit and means capable of generating a standing sound wave having a 
pressure node disposed within the conduit. 



2. Appanitofi according to Claim 1, in which, the means providing for contacting 
taminnr flow mininiise mbdng between the two flidds. 

3. Apparatus according to Claim 1 or Claim 2» in which the means for arranging 
ccntactmg laminar flow comprise respective inlet eind outlet means for each fluLd in 
communication with the conduit. 

4. Apparatus according to Claim 3, in which the respective inlet and outlet means 
are orthogonal to each other. 

5. Apparatus according to any preceding Claun, in which Ihe piessure node is 
centrally disposed along the longitudinal length of the conduit. 

S. Apparatus accordmg any preceding Claim, in which the means capable of 
g^erating the standing sound wave comprise a first wall of the conduit adapted to 
generate and transmit a sound wave and a second^ opposite waU adapted to reflect the 
g^toerftted sound wave. 
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6. Apparatus accoiding to Claim 5, m wbioh the fiist wall of the conduit 
comprises a piezoceramic material. 

7. Apparatus according to aay preceding Clainu in which flic sound wave is an 
ultrasound wave. 

8. A method of moving particles eatcained in a first fluid to a second fluid, 
comprising the steps of i) providing for contacting laminar flow of eadi fluid wiUnn a 
conduit having means capable of generating a standing sound wave and ii) generating 
a standing wave having a pressure node within the conduiL 

9. A method of washing particles according to Claun 8. 

1 0. Use of apparatus accoxding to Claims 1 to 7 for washing particles. 

11. Apparatus substanlially as hereinbefore destaibed with reference to and as 
shown in the accompanying drawings. 



12. A method fi>r washing patticles sub&lantially as herembefbre described with 
reference to and as shown in the accompanyiag drawings. 
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Absfrack 



Standing wav© ladiaticHi and laminat flow have beea used to diitectly transfer particles fiom 
one inedimn to anoHier (warfmig) by a jfieW-flow ftactionatitHi CFEF) approach. Ultrasound 
standing wave tadiation acts om suspemaons and coUrads to drive the pihases (particles/ 
bobbW pil droiilets, attd^ir su^eoding phase) towaidB eithernodal or anti-nodal 
positions. Laminar flow provides a stable ecviromnesnt fiom tmbulOTce; dm condition 
allowB the radiation-positioned phases to be freely manipulated downstream from Ihe force 
fidd. Particle washing talces < 1 s and lemoves the ne^ for pellet fomiation and 

tBsnspension steps of centrifuge based washing procednrea. Similar to a filter previously 
described, ihe vltraround operates at aipinoximately 3 MHz and forms a single band of 
partidsfi at the centre of die ehamber, ■With no moving metaianioal parts or consnmabls 
oonoponents, it is appropriate fisr c<>mplex automation tasks, miwo-fluidic systams, and use in 
inaccessible locations. The channel has negHgible bacipressures (cross-section. 0.25 x 10 
mm). Tlje design is a suaple dividing channel flliat is not easily blocked Tb^ force acting on 
the particles is small, less than fiiat of a centrifuge running at 100 g. The exposure time to 
uMrasouTid is < 1 8. 




1 
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Figure I. Schematic representation of uitrasooic particle washing chamber. 
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Figure 3 Fhiid. w>Uected fixnn outlets C (left hand, LH tubes) and D (ti^t liand RH ttibes). 
The dye solulion is indicated by cells by a. As may be seen ihe left hand LH tabe is firee 
of dye 01- particle, wbile tiie right hand RH tube is turbid and coloured when ihe iiltiasoimd 
is ofit The left hand tube lemaius firee of dye but is turbid because of wUs while ifae tight 
hand tube is not turbid but coloured when ultrasound is on. 
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